The Structure of Ribonucleic Acids (Received 20 February 1952) One of the most striking chemical differences between the two main types of nucleic acid is that N-sodium hydroxide or potassium hydroxide at room temperature hydrolyses ribonucleic acids (RNA) rapidly and completely to nucleotides, but does not hydrolyse deoxyribonucleic acids in this way. The nucleotides produced on alkaline hydrolysis of RNA were thought for many years to be nucleoside 3'-phosphates (Levene & Harris, 1932) , but recently Carter (1950) , Cohn (1950) and also Loring & Luthy (1951) have demonstrated that all four ribonucleotides exist in the alkaline hydrolysates as pairs of isomers. These pairs, which have been called 'a' and 'b' nucleotides, differ in their chromatograplhic behaviour and are quite distinct from the nucleoside 5'-phosphates. They are stable to alkali, but may be interconverted by a short treatment with dilute acid (Brown, Haynes & Todd, 1950) , and evidence has been given by Brown & Todd (1952a) that the 'a' and 'b' nucleotides are the nucleoside 2'-and 3'-phosphates, though not necessarily in that order, rather than x-and ,Bisomers (Doherty, 1950) . The 'a'and 'b' nucleotides differ considerably in several properties such as solubility, and it is of interest to note that only the 'b' forms of the pyrimidine nucleotides are liberated from RNA by ribonuclease, while at pH 8 a crude phosphatase from potato acts much more rapidly on the 'b' form of adenylic acid than on the 'a' form (Cohn, 1951; Komberg & Pricer, 1950) .
CYCLIC NUCLEOTIDES Working on the ribonuclease digestion of RNA (Markham & Smith, 1951b) , we found that our digests contained a third type of nucleotide which belongs neither to the 'a' or 'b' series, nor to the group of nucleoside 5'-phosphates, but which could be converted to the former type by further treatment with ribonuclease. By a fortunate coincidence at about this time we had a discussion with Prof. A. R. Todd and several of his colleagues, and they were kind enough to describe their theory of the origin of the 'a' and 'b' nucleotides of Carter and Cohn to us (Brown & Todd, 1952b) . This theory requires that the first step in the hydrolysis of a polynucleotide chain by alkali should be the formation of a tertiary phosphate ester (i -* ii). This takes place by the esterification of the hydroxyl group on the sugar rings at carbon atom 2' or 3', whichever is free, by the primary phosphoric acid (-OH) group which is present in each internucleotide link. (Smith & Markham, 1950 (Sevag, Lackman & Smolens, 1938) , precipitated with 50 % (v/v) ethanol at pH 4-5 and dried.
CHH
Turnipyellow mosaic virus RNAwas prepared as described previously (Markham & Smith, 1951 
a).
The 2':3'-monohydrogen phosphates of cytidine, uridine and adenosine were given to us by Mr D. Magrath, who prepared them by a method to be published (Brown, Magrath & Todd, 1952 of cyclic adenylic and guanylic acids, and then only from undegraded RNA. The reasons for this will be discussed in a later paper.
In preparing the cyclic nucleotides by this method, it is essential to keep the enzyme concentration low, so as to allow the nucleotides to escape further digestion by diffusing out of the bag. A suitable quantity of enzyme is 100 ,ug. in 10 ml. of a solution containing about 500 mg. of RNA. Electrophoretic separation The apparatus, which has been described briefly (Markham & Smith, 1951 c) , is shown in Fig. 1 . The paper, a strip of Whatman no. 3 paper, 56 x 8 cm., is soaked in 0-05m-ammonium acetate or formate buffer, and blotted to remove surplus moisture. The mixture to be run is put on a suitable place, usually about 12 cm. from the negative end, in a line at right angles to the long axis of the paper. About 0-1-0-2 ml. of solution is used. The paper is then immersed in CC14 in vessel C and the ends are allowed to dip into vessels A and B which contain 0 05M-buffer. CC14 is essential as it prevents heating and evaporation and so the rates of movement of the bands are uniform and reproducible. The CC14 also prevents liquid siphoning over into the central part and waterlogging the paper. It is also transparent to the ultraviolet light used to detect the bands, and being nonpolar has no tendency to dissolve out the nucleotides.
A potential of 1000 V. is applied to the ends of the paper, and a suitable power supply is shown in Fig. 2 . The current used is 8-10 ma. with the buffers mentioned and an average run takes 2 hr. If phosphate buffers are used the potential should be dropped to 700 V. to prevent overheating. It is perhaps unnecessary to mention that the power supply is dangerous.
We use ammonium acetate and formate buffers as the components travel as spots on chromatograms. It is therefore unnecessary to desalt material removed from the electrophoresis strips before chromatography.
Location of the nucleotides. The nucleotides are located on the chromatogram and electrophoresis strips by ultraviolet photography (Markham & Smith, 1949 , 1951 . When Whatman no. 3 paper is used the photographic exposure is 3-5 min.
Quantitative analysis. The purine and pyrimidine content of preparations was determined by a chromatographic method (Markham & Smith, 1951 a) . The phosphorus analyses were made by the method of Allen (1940 
RESULTS

Cyclic pyrimidine nucleotide8
Cyclic uridylic acid has been analysed for phosphorus and uracil, which are present in the molar ratio 0'95: 1 (theory 1: 1). The absorption spectrum 10-0-0 240 260 280 300
Wavelength (mIL.) Fig. 3 . The absorption spectrum of cyclic uridylic acid at pH 7.3.
is shown in Fig. 3 . Cyclic cytidylic acid has a molar ratio of cytosine/P of 0-93: 1 (theory 1:1). The absorption spectrum is shown in Fig. 4 . The chromatographic behaviour is identical with that of the synthetic material (which was contaminated with the non-cyclic form of the nucleotides) in all solvent systems used (solvents 1-4 and several others).
Perhaps the most striking proof of the identity of the natural and synthetic material is the fact that both are hydrolysed slowly to the free nucleotides by crystalline ribonuclease. In this hydrolysis only the 'b' isomer is formed (Brown, Dekker & Todd, 1952) . VoI. 52 555 R. MARKHAM AND J. D. SMITH After hydrolysis it is possible to demonstrate the presence of an additional acidic group dissociating at a pH between 3.5 and 7, by electrophoresis of the material at pH 7.4 (Fig. 5) . This group is, of course, a secondary phosphoric acid -OH, which is not to be found in the cyclic forms (see formulae iii-v). At pH 3-5 the two forms have the same mobility. The properties of the cyclic and non-cyclic pyrimidine nucleotides are summarized in Table 1 .
Cyclic purine nucleotides The molar ratio phosphorus/adenine in the cyclic adenylic acid has been found to be 1I00: 1 (theory 1:1). The absorption spectrum is shown in Fig. 6 .
The molar ratio phosphorus/guanine in the cyclic guanylic acid has been found to be 0-93:1 (theory 1: 1). The absorption spectrum is given in Fig. 7 .
The cyclic adenylic acid has been compared with synthetic material (which was only about 80% pure), but the guanylic acid derivative has only been identified by analogy, i.e. general electrophoretic and chromatographic properties.
The general properties of the cyclic purine nucleotides are similar to those of the corresponding pyrimidine nucleotides with the important exception that they are completely reswitant to ribonuclease. On hydrolysis with cold N-hydrochloric acid or N-sodium hydroxide, they give rise to 15_   10_   220  240  260  280  300 Wavelength (m,u.) Fig. 7 . The absorption spectrum of cyclic guanylic acid at pH 7-3.
mixtures of the 'a' and 'b' nucleotides, which may be demonstrated by running in solvent 1. Table 1 also includes a summary of the properties of these nucleotides.
DISCUSSION
From the data presented in this paper there can be little doubt that the scheme of Brown & Todd (1952b) for the alkaline hydrolysis of RNA is essentially correct. The isomeric nucleotides of Cohn (1950) and Carter (1950) must therefore be Vol. 52 CYCLIC NUCLEOTIDES 557 regarded as artifacts of hydrolysis. The question still remains as to which of the two types of nucleotide, the 3' or the 2' nucleotide, is the natural form. By analogy with deoxyribonucleic acid, the 3' type is the natural choice, but a definite solution of this problem will probably demand some new approach, and, of course, it is by no means certain that all the nucleotides will have the same configuration, though this would seem likely. From the evidence which we have presented here, it might be thought that our 'cyclic' nucleotides might be dinucleotides or pyrophosphates. As we shall describe the isolation and properties of both cyclic and non-cyclic dinucleotides in the next paper, it may suffice here to mention that dinucleotides have smaller R. values in all solvent systems, a higher electrophoretic mobility at all pH values, and, of course, are only half dephosphorylated by phosphomonoesterase.
The most striking point emerging from these experiments is the evident analogy between the action of ribonuclease and that of alkali on RNA, and the discrimination of the former between purine and pyrimidine nucleotides. This is in keeping with the specificity of ribonuclease, which we shall describe in detail later. At this point it may be pertinent to remark that, as we believe that the mechanism of action of ribonuclease on the cyclic pyrimidine nucleotides is the same as that of the enzyme on intact RNA, the cyclic nucleotides, which may be synthesized or isolated in adequate amounts, are obvious substrates for kinetic and other studies on ribonuclease, particularly as the reaction is of a simple type while, as the rate of reaction is relatively slow, it may be followed without difficulty. SUMMARY 1. Cyclic nucleotides (2':3'-monohydrogen phosphate esters of nucleosides) have been obtained from ribonucleic acids by ribonuclease action and by careful alkaline hydrolysis.
2. The properties of these substances have been described and they have been compared with synthetic specimens.
3. The cyclic pyrimidine nucleotides are digested by ribonuclease to give ordinary nucleotides while the analogous purine derivatives are not.
4. A method and apparatus for separating these substances by paper strip electrophoresis is described.
